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1.0 SUMMARY
A joint program was carried out between the Boeing Mi|itary Airplane Company
and the NASA Langley Propulsion Aerodynamics Branch to develop improved flow
analysis methods useful in the design of supersonic fighter forebody
geometries. A primary purpose of these methods was an improved definition of
the flow field at potential inlet locations.
The joint Boeing/NASAprogram included both experimentaland analytical
studies. An advancedtacticalsupercruisefighterconfigurationwas selected
as a baseline model. This model was tested extensivelyfor both its
aerodynamicperformanceand propulsion/airframeinteraction.Availabledata
include wing/body static pressure and boundary layer total pressure
distributions.
An existing flow analysis which numerically solves the parabolized
Navier-Stokes (PNS} equations on a general curvilinear coordinate system for
forebody geometries of arbitrary shape was used to predict the flow about the
baseline model geometry. The objective of this study was to explore the use
of such methods for configurationdesign. Flow calculations were completed at
Mach numbers of 1.5 , 2.0, and 2.5 and at angles-of-attack of O, 4, and 8
degrees. The purpose of this report is to present the resu]ts of these
calculations and some comparisons between computed results and wind tunnel
data. Conclusions are drawn as to the current status of the analysis and
desirable improvementsto the analysis are suggested.
The computer code was found useful for predicting inviscid flow properties at
flight conditions where the shed vortex from the wing leading edge was not a
dominant flow phenomenon. These inviscid properties were obtained by using a
coarse mesh to minimize the computational cost and a laminar viscosity to
minimize computed viscous effects. The code was found to be too costly and
prone to numerical difficulties when run with sufficient mesh and a turbulence
model necessary to resolve the wing and body boundary layers. A number of
possib]e improvements to the current code are suggested to remove these
difficulties.
xv_

2.0 INTRODUCTION
New and sometimes radically different inlet concepts are continually being
proposed for advanced tactical airplanes. The great number of concepts, with
numerous perturbations,makes concept evaluation through wind tunnel testing
very time consuming as well as expensive. A great effort is being expended
throughout the industry to develop new and improved analytical methods to
analyze the inlet-forebody problem. With these analytical tools a great
number of inlet concepts can be evaluated quickly with wind tunnel testing
reserved for only the most likely candidates. To support future code
development and validation, a comprehensivedata base for the inlet flow field
characteristicsof an advanced tactical configurationis required.
The Boeing Military Airplane Company (BMAC) and the NASA-Langley Propulsion
Aerodynmics Branch have undertaken a multi-task program (Contract NAS1-16612)
directed at this problem. Program objectives are:
o Identify inlet concepts and locations which have potential for
applicationon tacticalsupersoniccruiseairplanes
o Determine, through wind tunnel testing, wing/body flow field
characteristics at the representative inlet locations established in
Task I.
o Apply existing codes to compute flow field characteristics measured in
the wind tunnel.
All design work, test data analysis, and supersonic flow calculations were
performed by BMAC. The wind tunnel testing and transonic flow computations
were conducted by the PropulsionAerodynamics Branch of NASA Langley.
A conceptual study was conducted in which several inlet concepts were defined
for an Advanced Tactical Supercruiser. The baseline configuration (Figure 1)
had an underwing half-axisymmetric inlet with a short diffuser. Alternate
concepts included body mounted inlets ahead of the wing root and wing upper
surface mounted inlets.
These inlet conceptsestablishedthe flow field areas depictedin Figure 2.
Areas 1 and 2 correspondto the lower and upper wing mountedinlet locations
and area 3 is a representativeof the body mountedinlet locations. Transonic
flow field surveysand wing static pressuremeasurementsover the forward
portionof the wing were conductedand are reportedin Ref. 1. Wing and body
staticpressuremeasurementswere made duringa furthertest of this model at
supersonicMach numbers, Ref. 2. These data are compared to theoretical
predictionsin this report. Locationsof body and wing static pressuresare
shown in Figures3 and 4 and are tabulatedin TablesI and II.
An existingflow analysis,Ref. 3, was used to predictthe flow about the
baselineforebodygeometry,Figure1, at Mach numbersof 1.5, 2.0, and 2.5 and
at angles-of-attackof 0°, 40, and 80. The objective of these
calculationswas to explorethe use of PNS methods for supersoniccruise
forebodyconfigurationdesign. The purposeof this reportis to presentthese
computedresultsand somecomparisonswith wind tunneltest data. Conclusions
are drawnas to the currentstatusof the analysis. Desirableimprovementsto
the analysisare suggested.
2
3.0 FLOWANALYSIS
The flow about a fighter forebody geometry at supersonic speeds is described
by the Reynolds averaged Navier-Stokes equations. While solution of such
flows has been demonstrated by time relaxation methods, these solutions have
proven to be too expensive for design application because a full 3-D storage
of the solution is required at each time step, and a large number of time
steps is required if a grid fine enough to resolve the boundary layers is
employed. In the absence of separation, such flows are known to exhibit very
little upstream influence and are called "parabolic." Numerical marching
procedures have been developed which take advantage of this feature of the
flow. In these methods, a predominant flow direction is selected as one of
the coordinate directions, and diffusion terms relative to this direction are
deleted from the equations. The equations are set up in finite difference
form such that only information from an initial plane of data and boundary
conditions perpendicular to the predominant flow direction are required to
solve for the flow properties in a plane parallel and downstream of the
initial plane. The solution procedure can thus be "marched" through the flow
domain of interest.
The great advantage of the marching or PNS procedures is that a full flow
field solution is obtained in the equiva]ent of one to ten global iterations
of a time relaxation method, which would typically require ten thousand or
more global iterations on the same grid. There is, however, a reduction in
the range of flow conditions which can be analyzed. Because of the assumption
of a predominant flow direction and the neglect of certain terms to achieve a
marching procedure, the degree of grid skewness which can be analyzed without
violating a program assumption is reduced. Spurious solutions can be
generated by too small or too large a step size, too high an angle-of-attack,
mainstream flow separation, or a poor numerical treatment of the equations to
be solved.
A PNS procedure was selected for application to a supercruise forebody at
supersonic speeds to explore the usefulness of such methods for configuration
design. A detailed description of the PNS procedure is given in Reference
(3). The numerical procedure solves the parabolized Navier-Stokes equations
3
on a generalcurvilinearcoordinatesystemfor arbitraryforebodygeometries.
For turbulentflows a two-equationturbulencemodel is incorporated. An
ellipticrelationis used to calculatepressureand satisfylocal continuity
at each computationalplane. Severalsmoothingroutinesare used to control
computationalnoise and strong perturbationsresulting from inconsistent
initial conditionsand discontinuitiesin the wall slopes. An iterative
alternatingdirectionimplicit(ADI)marchingsolutionprocedureis used to
advancethe flow solutionalong the forebody. An initialset of data is
requiredto start the solution. The bow shock is capturedas part of the
overallflow simulation.
The BMACprocedurehas beenappliedto a numberof differentflowsto evaluate
the accuracy of the procedure. The code was applied to the flat plate
boundary layer flow of Mabey et al(4) at M = 2.5, the axisymmetricwaisted
body flow of Winter, Smith and Rotta(5) at M = 2.8, and the cone at
angle-of-attackflow of Tracey (6)at M = 8.
3.1 Subla_er Approximation
In the subsonic portion of the boundary layer the governing flow equations
have a fundamentally different character than in the supersonic regions. When
the pressure gradient Po (o is in the axial or stream direction;
and n are cross-stream directions) is unknown in the subsonic layer
(sublayer), the equations are elliptic in pressure, meaning that pressure
waves should be able to propagate upstream. This presents a significant
problem for a parabolic marching algorithm. The numerical solutions to the
flow equations become unstable in the sublayer and generate departure
solutions in which the pressure diverges wildly. One solution to the
instability problem is to neglect the stream pressure gradient. The effect of
neglecting Po causes an error of approximately 5-15% in the predicted wall
pressure, but stable solutions are possible. Previous work in the development
of viscous supersonic codes has highlighted the stability problem of unknown
gradients, Po, in the sublayer.
In the present forebody analysis, Po is evaluated at a point outside of
the sublayer, which is determined by a specified Mach number, and is imposed
on the sublayer mesh points in the w-momentum equation. The Mach number that
defines the sublayer edge has been studied only briefly, However, even
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subsonicvaluesseem to be acceptable. The pressureat the outsidepoint is
also used in the ca]culationof densityin the sublayer. To accountfor the
forebody geometry perturbations,the P_ and Pq gradients are not set
to zero in the sublayer. They are calculatedfrom the pressuresgeneratedby
the pressure-continuityscheme. In practicethe normal gradientsare small
exceptat the geometryperturbationswhen the boundarylayeris disturbed.
3.2 The ComputationalMesh
An algebraic mesh generation procedure by Kowalski(7) was used to define the
computationa! meshes for the calculations performed herein. The computational
domain is the region between the body surface and a cone which encompasses the
bow shock. The mesh was constructed in a given plane perpendicular to the
axis of the forebody, by connecting points on the body surface and on the
outer cone with cubic connecting functions. The coefficients of these
polynomials are functions of the boundary coordinates and the slopes of the
mesh lines at the boundaries. Stretching functions are used to distribute a
given number of points, n, around the outer cone and around the body. The
cubic function is used to connect points of the same number starting from a
given circumferentiallocation on the cone and on the body.
On a given line between the body surface and the outer conical surface,
stretching functions are used to distribute a given number of points, m,
between the body and the cone. Moving in the circumferentia] direction, a
line is assumed to connect points of the same number (counting outward from
the body) on each radial line. This forms an nxm mesh in the plane
perpendicularto the body surface.
If the same number of points is used to form an nxm mesh in a series of "K"
planes distributed along the body, a three-dimensionalnxmxk mesh is formed by
sequentially connecting corresponding points moving in a direction along the
body axis. This mesh establishes the transformation between the physical
domain and the computationa!domain.
4.0 DISCUSSIONOF COHPUTEDRESULTS
The originalplanwas to completea coarsemesh analysisof the configuration
without a canard at (3) Mach numbers (between 1.5 and 2.5) and at (4)
angles-of-attack(between 20 and 12°) at each Mach number. The coarse
mesh analysiswas then to be repeatedfor the same configurationwith a canard
at the same Mach numbersand angles-of-attackas for the configurationwithout
a canard. Then six caseswere to be computedwith a refinedmesh. The above
cases were to be computed assuming that the boundary layer flow was
turbulent. It was noted in the proposedwork statementfor thistask that the
computer code was in developmentand that mesh refinementto adequately
resolve the boundary layers on such configurationsand analysis of
configurationswitha canardhad not beenattempted.
Table III lists the configurations and flow conditions for which flow
predictions were made. The first (201 cases listed in Table Ill were computed
toward completion of the original plan. Several laminar flow cases among
these were included to investigate the influence of viscosity on the computed
results.
Computed results from the first (20) cases inferred that further code
development was needed to compute turbulent flow phenomena, vortex flows, or
flows with complex geometry features such as a canard. The code did, however,
appear to compute the inviscid flow properties accurately for cases without a
strong shed vortex from the wing when a laminar viscosity was specified.
As a result of conclusions made from completion of the first (20) cases, the
work plan was revised to take advantage of the code capability to compute
inviscid flow properties for the configuration without a canard at
angles-of-attack and Mach numbers where shed leading edge vortices would not
significantly alter the inviscid flow properties. A coarse mesh was used and
a laminar viscosity was specified to minimize viscous effects. The Mach
numbers and angles-of-attack cases selected for the revised plan were Mach
1.5, 2.0, and 2.5 and angles of 0°, 40, and 80. These are cases 21-29
listed in Table Ill.
Refinedmesh runs were to be attemptedat the higher angles-of-attackwhere
the coarse mesh failed to produce a leadingedge vortex. Desirablecode
improvementsto allow calculationof turbulent flows, shed leading edge
vortices,and configurationswitha canardwereto be identified.
The turbulentcomputedresults(Cases1-20),laminarcomputedresults (Cases
21-29),difficultiesencountered,desirablecode improvmenets,and conclusions
drawn fromthe presentstudyfollowbelow.
4.1 Turbulent Computed Results
The coarse mesh used for the turbulent flow cases computed had 40 radial and
56 circumferential points in each cross-plane. An example mesh is shown in
Figure 5 at the upstream rake survey station. The estimated boundary layer
thickness at that station is also shown.
Figures6 and 7 are an exampleof the coarsemesh resultswhich were obtained
when a turbulent viscosity was specified. These results are for the
configurationwithoutcanard at M = 1.5 and a = 0 (Case 1, Table Ill). The
flow conditionsspecifiedfor the calculationcorrespondedto a model in the
wind tunnel. Figure6 is a map of computedconstantMach numbercontoursat
the axialstationof the forwardsurveyplane. Figure 7 is a map of computed
constant total pressurecontours at the same station. The boundary layer
thicknessat this stationestimatedfrom a correlationfor the boundarylayer
developmenton a flatplateis shownin Figure7.
As expected, the computed defect in tota! pressure extends far beyond the
estimated boundary layer thickness. The computer code uses a law-of-the-wall
function to minimize the mesh required to resolve the boundary layer. The
near wail point is assumed to be in the law-of-the-wall region when the
boundary layer is computed. This region is typically between 0.01 a to
.2 6 in a direction normal to he wa11. If, as in the coarse mesh turbulent
cases computed, the near wali point is too far from the wail, an
unrealistically thick boundary layer results. Similar results were obtained
at higher angles-of-attackand at higher Mach numbers.
Some calculations were completed with a denser mesh near the body surface.
The computed boundary layer thickness did decrease with increasing mesh
density. The computational cost and the difficulty in obtaining solution
convergence,however, increasedwith increasingmesh density. The denser
mesh distributionand the computedcontourmap of total pressureare shown in
Figures8 and 9. Note that the computedtotal pressuredefect is closer to
that expectedfromflatplateboundarylayertheory.
For the configuration with a canard, the mesh generator program was found to
be inadequate. Before the calculation, cross plane meshes are generated at an
arbitrary number of axial stations. The program automatically connects the
nth points of each cross-plane when it analyzes the flow field. Near the
nose, the body cross section is circular and the mesh is uniform in the
circumferential direction. As the canard grows, the mesh generator
redistributesthe spacing between the points to cover the canard, but does not
keep the same (Nth) point at the tip of the canard. The program connects
corresponding circumferential points of the mesh at each cross plane to
generate a three-dimensional mesh. It therefore connects the tip of the
canard at the second section through the canard to a point above or below the
tip of the canard on the first section through the canard. This results in a
canard that is analytically described as very thick near the intersection of
the canard leading edge and the body. This inaccurate analytic description of
the body geometry causes either large errors in the computed flow properties
or program failure.
4.2 laminar Computed Results
By specifying a laminar rather than a turbulent viscosity level to minimize
viscous effects, it was possible to obtain a reasonable prediction of the
inviscid flow properties with a coarse mesh. Cases 21-29, Table Ill, were
computed with a coarse mesh and a laminar viscosity for the configuration
without a canard. Cases were computed at Mach numbers of 1.5, 2.0, and 2.5
and at angles-of-attack of 0°, 40 and 80 at each Mach number. The
objective of these calculations was to obtain a good estimate of the inviscid
flow properties through minimizing computed viscous effects by specifying a
laminar rather than a turbulent viscosity. Computed viscous effects for these
cases are not accurate because the mesh is too coarse and because the flow is
expected to be turbu|ent in the Reynolds number range considered.
Plots of computed results are presented on Figures 10 to 27 for each case at
the forward and aft survey stations. These plots include contour maps of Mach
number,total pressure,upwash angle, sidewashangle and the cross plane
vectorvelocity. Table IV liststhe plotspresentedhereinfor each case.
Qualitatively,the calculationprocedurepredictsthe correcttrends. At the
80 angle-of-attack,even with a laminar viscosity,a substantialboundary
layer thickness is predictedat the top of the body which undoubtedly
contaminatesthe inviscidsolutionsto some extent because of displacement
thicknesseffects. No wing leadingedge vortexwas predicted,althougha body
vortexwas predictedin the vicinityof the wing-bodyjunction.
4.3 Cemparisons With Test Data
For the wing-body configurationwithout a canard, comparisons are made between
computed and measured body surface static pressures at Mach 2.0 and at
angles-of-attack of 0° and 80. The test data are from a supersonic wind
tunnel test at NASA Lewis Reference 2. The computed results were obtained
with the PNS code described herein using a coarse mesh and with a laminar
viscosity specified to minimize viscous effects.
Figure 28 is a comparison between computed and measured body pressure
coefficient distributions at Station 49.5. Station 49.5 is just upstream of
the wing leading edge and slightly aft of the crest of the canopy.
Experimental data were available on the side and undersurface of the body.
Computed pressure coefficients (Cp's) were slightly higher than those
measured. This may have been due to inaccurate calculation of the boundary
layer because a coarse mesh and a laminar viscosity were used in the
calculation. Qualitatively, the analysis appears to predict the correct
behavior.
Figure 29 is a comparison between computed and measured body pressure
coefficient distributions at Station 69.6. Station 69.6 is well aft on the
body about midway along the wing. On the lower surface, agreement between
computed and measured Cp's is good at both e = 0° and _ = 80. On the
upper surface, quantitative agreement between computed and measured Cp's is
not as good although the trends are qualitatively correct. Near the wing tip,
the measured Cp's fall well below the computed values at both 0° and 80
(data for _ = 20, 40, and 60 are also shown). This suggests that the
vortex lift develops continuously and increases in strength with
angle-of-attack. The PNS code apparently does not pedict this effect.
Whetherthis is due to the use of an inadequatemesh or an inabilityof the
PNS approximationto predictthis phenomenonis unknownat thistime.
Figures 30a and 30b are comparisonsbetween computed and measured body
pressurecoefficientdistributionsalongwater line 10.5 and along the bottom
symmetry plane at _ = 0° and 80 respectively. Quantitativeagreementis
generallygood. Once againthe measuredCp's fall slightlybelowthe computed
values.
Rakemeasurementsobtainedat Mach 2.0 and 2.5 were analyzedfor comparisonto
predictions.As-measuredtotal pressurerecoveryfor rakes near the two body
stationsis shown on Figures31 to 34. These data includethe normal shock
loss in front of each probe. Some of the rake data were furtherreducedto
obtainboundarylayertotal pressurerecoveryaheadof the normalshock,which
correspondsto the analyticalrecoverypredictions.This calculationrequires
the stream staticpressureahead of each probe. The nearestavailablewall
staticwas used. For rakes at body station50.5, the wall staticsat B.S.
49.5 were used. Rakesat the downstreamstationwere installedat B.S. 72.5,
whereasthe closeststaticsare at B.S. 69.5,3 inchesahead of the rakes.
This differenceand normalpressuregradientsprobablycontributeto errorsin
the normal shockcorrectionresultingin recoveriesabove unity,particularly
above the wing. See Figure35 and 36, rake 6, where the wing vortex induces
high velocitiesand normal pressure gradientsresultingin large, inexact
correctionsbasedon upstreamwall statics.
Only rake 12 at B.S. 50.5 and rakes 1, 2, and 6 at B.S. 72.5 had working body
statics ahead of the rakes. The static pressure taps to be used with the
other rakes were either plugged or open in the body cavity during the
supersonic test. Thus, most of the rake data could not be corrected for the
normal shock. It is shown as-measured for comparison with future analytical
predictionswhich could be made to include the normal shock using analytically
predicted static pressure.
Measured boundary layer thicknesses were close to flat plate predictions at
= O. The boundary layer thickens at _ = 80 below the wing and on top
of the fuselage, but thins down where lift is developed. The shape at B.S.
10
50.5behindthe canopyindicatesincipientseparationat M = 2.5, probablydue
to recompressionof the flowoverthe canopy.
4.4 DifficultiesEncountered
The difficultiesencounteredin the presentstudy can be attributedto one of
the followingcauses: (1) a violationof the underlyingPNS assumptions,(2)
poor applicationof the code due to its early stage of development,or (3)
inadequatemodeling.
As noted in Section3.0, Flow Analysis,PNS methodsoffer great cost savings
relative to time relaxationmethods. The use of a marching procedure,
however,impliesa reductionin the rangeof flowsand geometrieswhich can be
computed. The flow external to the boundary layer must be everywhere
supersonic. If a combinationof a low free streamMach number,highangle-of-
attack,and a rapid changein the local slope of the body resultsin a local
subsonic pocket (usuallydownstreamof a local strong oblique shock),the
solutioncannotproceed. If a rapidchangein surfaceslope resultsin a high
local adversepressuregradientand streamwiseseparation,the solutioncannot
proceed. If the local longitudinalsurfaceslope varies substantiallyfrom
the marching direction,terms which are neglectedin the equationssolved
becomelargeand largesolutionerrorscan result.
Available PNS codes to model supersonic 3-D visouc flows are typically in a
research stage of development as is the code used in the present study.
While, as noted in Section 3.0, the code has been successfully applied to
several 2-D and 3-D turbulent flows, the flows considered herein are much more
complex than those attempted before with the analysis. Several problems
uncovered in the course of this study are briefly discussed below.
Many of these problems were associated with inadequate guidelines for the mesh
required to resolve the critical regions such as the boundary layer, wing
leading edges, and abrupt changes in body geometry. Another problem was the
interpolation of the mesh and the geometry between pre-generated mesh planes,
as described in Section 4.1. Another problem was the lack of logic to control
solution iteration between planes. During the present contract, it was found
that an under-relaxationprocess was desirable in this iteration. It was not
possible, however, to automate this iteration process or to optimize the
under-relaxationof the various variables.
l!
Numerical solution of partial differentialeducations generates "noise"
(disturbances)which can grow in amplitudeand destroythe solutionprocess
unless these are damped with artificialviscosityterms, The amount of
artificialviscosityrequiredto controlnoise is a propertyof a particular
algorithm. The smoothingrequirementsof the presentalgorithmare not yet
well understood. This typicallyresulted in either poor convergenceand
errors due to excessivesmoothingor errors due to excessivenoise buildup
becausethe smoothingwas insufficient.
A marching solution procedure requires specification of an initial plane of
data to initiate the solution. In the calculations performed for the present
study, the initial plane was assumed to be at the tip of the body and the
properties were assumed equal to free stream conditions. The body surface at
this initial plane was assumed to be a small cylinder aligned with the free
stream. In many cases, especially at angle-of-attack, this starting process
caused problems because of the strong oblique shock immediately encountered as
the solution attempted to advance to the second plane. Whether these were due
to a poor mesh and geometry representation (due to a poor interpolation) or a
violation of the underlying PNS assumptions is unknown.
Although the results presented were not definitive in uncovering deficiencies
in the physical modeling, some of the problems encountered may have been due
to either a violation of the parabolic assumptions or the handling of the
sublayer. Further work will be required _ith the code to investigate these.
Elimination of the usage problems noted above and the analysis of initially
simple configurations followed by increasingly complex configurations should
result in a clearer picture of the adequacy of the modeling.
4°5 Desirable Code I_mvegL_ts
To overcomethe difficulties observed in applying the current code to fighter
forebody flow field prediction, various modifications to the code are briefly
enumerated below. In addition to resolving the usage problems described in
Section 4.4 (by further benchmark applications of the code), the suggested
modifications would result in a code that could be more fully evaluated for
defining the extent or boundaries to which PNS codes can be utilized for
design applications.
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The first modificationrecommendedis to incorporatea routine for more
accuratelydefiningthe initialconditionsat the starting-plane.This should
eliminatemany of the problemsassociatedwith initialtransients.
The pressure continuity scheme currently adjusts pressure, density, and
cross-flowvelocitycomponents.This procedurecan be extendedto includeall
velocitycomponentsas well as temperature. It is expected that such an
extensionwould improveconvergencerate and reducethe number of interplane
iterationsrequired. This may be particularlyimportantwith high anglesof
attack.
The smoothing procedures have not been studied in sufficient detail. Global
damping schemes as well as local wavelength filtering should be studied to
obtain a more effective damping scheme.
Interplaneconvergencerate is generallytoo slow,and frequentlythe solution
diverges. Under-relaxationwas used to improvethe convergencepropertiesof
the algorithm. A studyshouldbe madeto achievea more optimumscheme.
The mesh generationprocedure,which is a separateset of programs,shouldbe
modifiedsuch that the circumferentialspacingaroundthe bodywill producea
better representationof the geometryin wing-bodyor canard-bodytransition
regions.
In many cases, it _s desirable to compute just the inviscid flow properties
with a coarse mesh. At present a no slip boundary condition must be used at
the wall. For cases where just inviscid properties are wanted, modification
of the code to allow a slip wall boundary condition is desirable, and would
eliminate the need to run laminar flow cases, as was done in cases 21-29, to
obtain inviscid flow predictions.
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5.0 CONCLUSIONS
Followinga revisedwork plan, the inviscidflow propertiesabout a wing body
configurationwere computedat Mach numbers of 1.5, 2.0, and 2.5 and at
angles-of-attackof 0°, 40 and 80 using a laminar viscosityand a coarse
mesh to minimizeboth viscouseffectsand computationalcost. The computed
inviscidflow propertieswere found to be qualitativelycorrect. Predictions
of supersoniccruise forebody flows, where a wing leading edge vortex or
streamwise separationare not present, can thus be effectivelydone for
fighterdesignapplications.
The presentwork uncovereda numberof areas in the computercode used, which
need to be improved. Desirable modificationsto the present code are
suggested. A detailedevaluationof the usefulnessof a PNS code to predict
viscousflowpropertiescan be done whenthesemodificationsare accomplished.
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I. Fuselage Static Taps (Right-Hand Side Only)
number M.S. W.L. B.L. Comment
CPB 1 19.5 - 0 Bottom
2 9.9 _
3 10.5 _
4 - 0 Top
CPB 5 29.5 - 0 Bottom
6 9.9 -
7 10.5 -
8 11.7 -
9 13.5 -
10 - 0 Top
CPB11 39.5 - 0 Bottom
12 9.9 --
13 10.5 -
14 11.7 -
15 13.5 -
16 15,3 -
17 - 0 Top
18 49.5 - 0 Bottom
19 I 9.9 -
20 10.5 -
21 11.7 -
22 13.5 -
23 15,3 -
24 - 0 Top
25 59.5 - 0 Bottom
26 9.9 -
27 12.6 -
28 14.0 -
29 15.3 -
30 - 0 Top
31 69.5 - 0 Bottom
32 [ 12.6 -
33 I 14.0 -34 - 0 Top
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Table IL Wing Static Taps (Right Wing Only)
Tap number Surface W.S.a B.L. Comment
Upper 11.784 3.997b Existing
12.850 3.997b
CPUS 1 17.609 3.997b
2 4.800
3 6.100
i 4 6.581
5 6,937
CPUS 6 24.906 3.997
7 6.600 I8 7.295
9 7.900
10 9.308
11 9.811
CPLS 1 Lower 17.609 3.997 New
2
6.100
CPLS 4 24.906 3.997
5 6.600
6 7.900
I 7 9.308 Existing
8 9.811 Existing
a_W.S.= M.S. - 44.68
Notavailable
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Table III. Computed Flow Cases
CASE # M _ SCALE P(_ TT MESH CANARD REMARKS
1 1.5 0 Model 190.5 545 Coarse W/O TurbulentFlow
2 1.5 4 Model 190.5 545 Coarse W/O TurbulentFlow
3 1.5 8 Model 190.5 545 Coarse W/O TurbulentFlow
4 1.5 12 Model 190.5 545 Coarse W/O TurbulentFlow
5 2.0 0 Model 107.2 545 Coarse W/O TurbulentFlow
6 2.0 4 Model 107.2 545 Coarse W/O TurbulentFlow
7 2.0 8 Model 107.2 545 Coarse W/O TurbulentFlow
8 2.0 12 Model 107.2 545 Coarse W/O Turbulent Flow
9 2.5 0 Model 68.6 545 Coarse W/O TurbulentFlo_v
10 2.5 4 Model 68.6 545 Coarse W/O TurbulentFlow
11 2.5 8 Model 68.6 545 Coarse W/O TurbulentFlow
12 2.5 12 Model 68.6 545 Coarse W/O TurbulentFlow
13 2.5 0 Full 151 877.5 Coarse W/O Turb. Fl.,One Sta.
14 2.5 12 Full 151 877.5 Coarse W/O LaminarFlow
15 1.5 0 Full 151 565.5 Coarse W/O TurbulentFlow
16 1.5 12 Full 151 565.5 Coarse W/O LaminarFlow
17 1.5 0 Full 2116 754 Coarse W/O TurbulentFlow
18 1.5 12 Full 2116 754 Coarse W/O TurbulentFlow
19 1.5 0 Model 190.5 545 Refined W/O Turb.Fl.,One Sta.
20 2.5 0 Model 68.6 545 Coarse W/O Turb.FI.,One Sta.
21 1.5 0 Model 190.5 545 Coarse W/O LaminarFlow
22 1.5 4 Model 190.5 545 Coarse W/O LamlnarFlow
23 1.5 8 Model 190.5 545 Coarse W/O LamlnarFlow
24 2.0 0 Model 107.2 545 Coarse W/O LamlnarFlow
25 2.0 4 Model 107.2 545 Coarse W/O LamlnarFlow
26 2.0 8 Model 107.2 545 Coarse W/O LamlnarFlow
27 2.5 0 Model 68.6 545 Coarse W/O LamlnarFlow
28 2.5 4 Model 68.6 545 Coarse W/O LamlnarFlow
29 2.5 8 Model 68.6 545 Coarse W/O LamlnarFlow
18
TableIV. ContourPlotsof Computed.Properties-
FIGURENO. M a, DEG. STATION PROPERTY
lO-a 1.5 0 50.5 Mach number
10-b 1.5 0 50.5 Totalpressure
10-c 1.5 0 50.5 Upwashangle
10-d 1.5 0 50.5 Sidewashangle
lO-e 1.5 0 50.5 Cross-planevelocity
11-a 1.5 0 70.5 Machnumber
11-b 1,5 0 70.5 Totalpressure
11-c 1.5 0 70.5 Upwashangle
11-d 1,5 0 70.5 Sidewashangle
11-e 1.5 0 70.5 Cross-plane velocity
12-a 1.5 4 50.5 Machnumber
12-b 1.5 4 50.5 Totalpressure
12-c 1.5 4 50.5 Upwashangle
12-d 1.5 4 50.5 Sidewashangle
12-e 1.5 4 50.5 Cross-p]ane velocity
13-a 1.5 4 70.5 Machnumber
13-b 1.5 4 70.5 Totalpressure
13-c 1.5 4 70.5 Upwashang]e
13-d 1.5 4 70.5 Sidewashangle
13-e 1.5 4 70.5 Cross-plane velocity
14-a 1.5 8 50.5 Mach number
14-b 1.5 8 50.5 Totalpressure
14-c 1.5 8 50.5 Upwashangle
14-d 1.5 8 50.5 Sidewashangle
14-e 1.5 8 50.5 Cross-plane velocity
15-a 1.5 8 70.5 Machnumber
15-b 1.5 8 70.5 Totalpressure
15-c 1.5 8 70.5 Upwashangle
15-d 1,5 8 70.5 Sidewashangle
15-e 1.5 8 70.5 Cross-planevelocity
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Table IV. Contour Plotsof Computed Properties (Continued)
FIGURENO. M c_,DEG. STATION PROPERTY
16-a 2.0 0 50.5 Mach number
16-b 2.0 0 50.5 Totalpressure
16-c 2.0 0 50.5 Upwashangle
16-d 2.0 0 50.5 Sidewashangle
16-e 2.0 0 50.5 Cross-plane velocity
17-a 2.0 0 70.5 Mach number
17-b 2.0 0 70.5 Totalpressure
17-c 2.0 0 70.5 Upwashangle
17-d 2.0 0 70.5 Sidewashangle
17-e 2.0 0 70.5 Cross-planevelocity
18-a 2.0 4 50.5 Machnumber
18-b 2.0 4 50.5 Totalpressure
18-c 2.0 4 50.5 Upwashangle
18-d 2.0 4 50.5 Sidewashang]e
18-e 2.0 4 50.5 Cross-plane velocity
19-a 2.0 4 70.5 Mach number
19-b 2.0 4 70.5 Totalpressure
19-c 2.0 4 70.5 Upwashangle
19-d 2.0 4 70.5 Sidewashangle
19-e 2.0 4 70.5 Cross-planevelocity
20-a 2.0 8 50.5 Mach number
20-b 2.0 8 50.5 Totalpressure
20-c 2.0 8 50.5 Upwashangle
20-d 2.0 8 50.5 Sidewashang]e
20-e 2.0 8 50.5 Cross-plane velocity
21-a 2.0 8 70.5 Machnumber
21-b 2.0 8 70.5 Totalpressure
21-c 2.0 8 70.5 Upwashangle
21-d 2.0 8 70.5 Sidewashangle
21-e 2.0 8 70.5 Cross-planevelocity
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Table IV. Contour Plots of Computed Properties (Concluded)
FIGURENO. M _, DEG. STATION PROPERTY
22-a 2.5 0 50.5 Mach number
22-b 2.5 0 50.5 Totalpressure
22-c 2.5 0 50.5 Upwashangle
22-d 2.5 0 50.5 Sidewashang]e
22-e 2.5 0 50.5 Cross-plane velocity
23-a 2.5 0 70.5 Mach number
23-b 2.5 0 70.5 Totalpressure
23-c 2.5 0 70.5 Upwashangle
23-d 2.5 0 70.5 Sidewashangle
23-e 2.5 0 70.5 Cross-planevelocity
24-a 2.5 4 50.5 Machnumber
24-b 2.5 4 50.5 Totalpressure
24-c 2.5 4 50.5 Upwashangle
24-d 2.5 4 50.5 Sidewashangle
24-e 2.5 4 50.5 Cross-plane ve]ocity
25-a 2.5 4 70.5 Mach number
25-b 2.5 4 70.5 Totalpressure
25-c 2.5 4 70.5 Upwashangle
25-d 2.5 4 70.5 Sidewashangle
25-e 2.5 4 70.5 Cross-plane velocity
26-a 2.5 8 50.5 Machnumber
26-b 2.5 8 50,5 Totalpressure
26-c 2.5 8 50.5 Upwashangle
26-d 2.5 8 50.5 Sidewashangle
26-e 2.5 8 50.5 Cross-p]ane ve]ocity
27-a 2.5 8 70.5 Machnumber
27-b 2.5 8 70,5 Totalpressure
27-c 2.5 8 70.5 Upwashangle
27-d 2.5 8 70.5 Sidewashangle
27-e 2.5 8 70.5 Cross-plane velocity
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Figure 10. Computed Results for Model Station 50.5, Mach 1.5, at O-degAngle of Attack
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FigurelO(e). Cross-PlaneVelocity
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Figure 12. Computed Results for Model Station 50.5, Mach 1.5,at 4-deg Angle of Attack
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Figure12(e). Cross-PlaneVelocity
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Figure 13. Computed Results for Model Station 70.5, Mach 1.5,at 4-deg Angle of Attack
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Figure13(e). Cross-PlaneVelocity
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Figure14(a). Mach Contours
Figure 14. Computed Results for Model Station 50.5, Mach 1.5,at 8-degAngle of Attack
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Figure14(e). Cross-PlaneVelocity
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Figure 15. Computed Results for Model Station 70.5, Mach 1.5, at 8-deg Angle of Attack
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Figure 15(e). Cross-PlaneVelocity
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Figure 16. Computed Results for Model Station 50.5, Mach 2.0, at _deg Angle of Attack
61 "-
M = 2.0
oo
o,t --0 0
Z = 4.208 M.S.= 50.5
TOTALPRESSURE
_.0 "'x_ _. __, PT2_I3271
,._-'_ _ _
|.0 I ,
Jj \..
I
,S
O'l 0 1. 1. c 2.1
x - FT
04-AUG-8309:14:03
Figure 16(b). Total PressureContours
62
"" Moo = 2.0
oZ ==00
M.S.= 50.5
Z = 4.208UPWASH 8
P.O J• IVA6,
• _-4o
_---._ 4 -3,
-_°
_!.
8 1o
,._ _:
4,
i_.
- t|
0._^ 0 l, 0 .5 2,
X - FT
04-AUG-B309:15:26
Figure16(c). UpwashAngleContours
63
1.0
J
.S \
, \
O'lo 1.'0 15 2
X - FT
04-AUG-B309:17:25
Figure16(d). SidewashAngleContours
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Figure16(e). Cross-PlaneVelocity
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Figure17(a). Mach Contours
Figure 17. Computed Results for Model Station 70.5, Mach 2.0, at O-degAngle of Attack
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Figure17(c). UpwashAngleContours
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Figure 17(d). SidewashAngle Contours
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Figure 18. Computed Results for Model Station 50.5, Mach 2.0, at 4-deg Angle of Attack
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Figure19(a). Mach Contours
Figure 19. Computed Results for Model Station 70.5, Mach 2.0, at 4-degAngle of Attack
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Figure 19(c). UpwashAngleContours
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Figure19(d). SidewashAngleContours
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Figure 19(e). Cross-PlaneVelocity
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Figure20(a). Mach Contours
Figure 20. Computed Resultsfor Model Station 50.5, Mach 2.0, at 8_degAngle of Attack
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Figure 21. Computed Results for Model Station 70.5, Mach 2.0, at 8-degAngle of Attack
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Figure22(a). MachContours
Figure 22. Computed Results for Model Station 50.5, Mach 2.5, at O_eg Angle of Attack
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Figure22(c). UpwashAngle Contours
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Figure 23. Computed Results for Model Station 70.5, Mach 2.5, _deg at Angle of Attack
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Figure 23(d). Sidewash Angle Contours
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Figure23(e). Cross-PlaneVelocity
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Figure24(a). MachContours
Figure 24. Computed Results for Model Station 50.5, Mach 2.5, at 4-deg Angle of Attack
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Figure25(a). Mach Contours
Figure 25. Computed Results for Model Station 70.5, Mach 2.5, at 4-degAngle of Attack
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Figure25(e). Cross-PlaneVelocity
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Figure26(a). MachContours
Figure 26. Computed Results for Model Station 50.5, Mach 2.5, at 8odegAngle of Attack
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Figure26(b). Total PressureContours
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Figure26(c). UpwashAngleContours
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Figure26(d). SidewashAngleContours
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Figure26(e). Cross-PlaneVelocity
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Figure27(a). Mach Contours
Figure 27. Computed Results for Model Station 70.5, Mach 2.5, at 8-degAngle of Attack
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Figure27(c). UpwashAngleContours
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Figure27(d). SidewashAngleContours
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Figure27(e). Cross-PlaneVelocity
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Figure 28. Comparison Between Computed and Measured Body Pressure Coefficients
at the Forward Survey, Station, Mach 2. 0
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Figure 29. Comparison Between Computed and Measured Pressure Coefficients
at the Aft Survey Station, Mach 2.0
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Figure 30a. ComparisonBetween Computed and MeasuredPressure
Coefficients Along the Body, Mach 2.0, _ = 0 deg
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Figure 30b. ComparisonBetween Computed and MeasuredPressure
Coefficients Along the Body, Mach 2.0, _ = 8 deg
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Figure 31. Boundary Layer Data at the Forward Survey Station, Mach 2.0
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Figure 32. Boundary Layer Data at the Forward Survey Station, Mach 2.5
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Figure 33(a). Boundary Layer Data at the Aft Survey Station, Mach 2.0
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Figure 33(b). Boundary Layer Data at the Aft Survey Station, Mach 2.0
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Figure 34(aj. Boundary Layer Data at the Aft Survey Station, Mach 2.5
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Figure 34(b). Boundary Layer Data at the Aft Survey Station, Mach 2.5
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Figure 35. Boundary Layer Data Corrected for Normal Shock Probe Losses, Mach 2.0
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Figure 36. Boundary Layer Data Corrected for Normal Shock Probe Losses, Mach 2.5
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